A computational model for vowel production has been used to simulate rising pitch glides in the time domain. Such glides reveal multi-faceted nonlinear system behaviour when the fundamental frequency fo is near the first vocal tract resonance fR1. There are multiple physical mechanisms for how the acoustic field in the vocal tract can interact with vocal fold dynamics causing this behaviour. The model used in this work includes the direct impact of the acoustic pressure on the transversal plane of the vocal folds and an acoustic perturbation component to the glottal flow. Simulations indicate that both of these mechanisms, when applied separately, cause similar perturbations in phonation parameters when fo crosses fR1. Enabling both mechanisms simultaneously tends to make the separately emerging features more prominent. In simulated glottal flow waveforms, the tendency towards a formant ripple increases when acoustic feedback to glottal flow is enabled, whereas the phenomenon occurs more rarely as a result of the direct acoustic pressure to vocal folds. In all cases, the formant ripple is more pronounced for frequencies below fR1.
Introduction
Physics-based models are used to investigate speech production phenomena where direct observation and measurements are infeasible or highly invasive. Although advances in highperformance computing have made it possible to model the speech production system as a whole (e.g., [1, 2] ), these models are still computationally too heavy to be practical when a high number of iterations is required, for example, to find control parameters that produce desired output. Hence, low-order models, such as [3, 4, 5] for vowel production, remain in use and are subject to further development.
One of the key choices for any vowel production model is the implementation of interaction mechanisms between the glottal source (i.e., vocal fold oscillations and/or glottal flow) and the vocal tract (VT) and subglottal tract (SGT) loads. The classic source-filter theory [6, 7] assumes the source affects the loads but there is no feedback from the loads to the source. There are, however, multiple physical mechanisms for how the acoustic loads can affect the glottis. Modelling phenomena such as pitch glides, where the fundamental frequency fo crosses the first VT resonance fR1, requires that this feedback is accounted for. Such glides are valuable for benchmarking vowel production models as comparable measurement data from humans is obtainable (see, e.g., [8, 9] ).
Interaction mechanisms for pitch glides include feedback from the load acoustics to the glottal flow [10, 11] , including the acoustic pressures in the force driving vocal fold oscillations [12, 13, 14] , and allowing the VT reactance to affect vocal fold vibrations [10] . The two main mechanisms, acoustics-to-flow and acoustics-to-tissue feedback, have not been implemented in the same model, however, and hence comparisons remain scarce. The aim of this work is to investigate the effect of these two mechanisms in rising pitch glides. A computational timedomain model is used to simulate glides over fo range [145 Hz, 310 Hz] which includes fR1 of the used VT geometry.
Model
The model proposed has been used to investigate pitch glides previously in [13, 14] , and it is outlined briefly below. Two modifications have been made to the model: (i) driving pressure difference has been added to the force acting on the vocal folds when the glottis is closed, and (ii) a perturbation flow caused by the load acoustics has been added to the total glottal flow. The purpose of this article is to discuss the consequences of the latter modification in pitch glides.
The vocal folds are represented by wedge-shaped elements of thickness L and length h whose dynamics is modelled using mass-spring-damper systems ( Figure 1 ). For this work, symmetry of left and right vocal folds is assumed. The equations of motion for the vocal folds are
where Wj = [wj1 wj2] T are the displacements of m1 and m2 for the j th vocal fold (j = 1, 2), and
.
(2) The parameters in (2) can be found in Figure 1 , and the assumption l1 + l2 = 1 has been used to obtain K. The load force pair F (t) = [F1(t) F2(t)] T depends on the open state of the vocal folds, i.e., whether the glottal gap at x = L, HL(t), (see Figure 1 ) is positive
The aerodynamic force pair FA(t) = [FA,1(t) FA,2(t)] T arises from the airflow U (t) between the vocal folds (see (6)-(8)) when the glottis is open (i.e., HL(t) > 0):
(4) Here, ρ is the density of air, and the pressure difference ps − pr is between an ideal driving pressure ps = ps(t) and the local ambient pressure at which the vocal folds are at equilibrium pr. Time dependencies of both glottal gaps H0 = H0(t) and HL = HL(t), as well as U = U (t) and angle of the vocal fold surface φ = φ(t) have been suppressed in (4) for readability.
When the vocal folds are closed (i.e., HL(t) ≤ 0), there is no airflow between them, and thus FA(t) is not enabled. Instead, the driving pressure difference and the collision of the vocal folds produce a force pair
where vocal fold collision is modelled with a nonlinear spring force with parameter kH . The force pair Fpc(t) in (3) accounts for the feedback force from VT and SGT acoustics to the vocal fold tissues. This force is enabled regardless of glottal open state, and it is defined in (12) and discussed further in Section 3.1.
The total glottal flow U (t) is considered to consist of two components, an incompressible main component Um(t) and a perturbation caused by the acoustic loads Uc(t); that is
where the control parameter Quc enables scaling of the feedback from the acoustics to the glottal flow. The perturbation term is a new addition to the model used in [13, 14] , and it is discussed further in Section 3.2.
The main flow component is described bẏ
where I l is the inertance of the loads and Rg(t) controls the pressure loss within the glottis
The first term represents viscous losses and it is regulated via the thickness parameter Lv while µ is the kinetic viscosity of air. The second term accounts for entrance/exit effects, and it is controlled via the coefficient kt.
The acoustic loads of the VT and SGT are represented using generalised Webster's equation
where c denotes the speed of sound, α regulates the energy dissipation through air/tissue interface, and the solution ψ = ψ(s, t) is the velocity potential of the acoustic field. The VT/SGT geometry is represented by the area function A(s), the stretching factor W (s), and the sound speed correction factor Σ(s), all at distance s ∈ [0, L l ] from the glottis, where L l is the length of the VT/SGT.
At the glottal end, the boundary condition
is used for (9) . Here, the DC component has been removed from the glottal flow before coupling using averaging over two pulses, i.e.,
A resistive boundary condition is used at the lips and the lungs
where θ is the normalised acoustic resistance.
Interaction mechanisms

Acoustics-to-tissue feedback
The feedback from load acoustics to vocal fold tissues is represented by the force Fpc(t) in (3), and it is given by
where the solutions ψ V and ψ S for (9) correspond to the VT and SGT, respectively, and pc(t) = ρ ∂ψ V ∂t (0, t) in Figure 1 . Unlike in [13, 14] , the acoustic VT and SGT pressure forces are controlled separately with parameters Qpc and Qsg in order to compare interaction mechanisms for VT while maintaining SGT feedback constant. However, following [13, 14] Apc = Asg = h 8L (HV − HL(t)) (2H0 − HV − HL(t)) which is the moment adjusted area on which the pressures act.
Acoustics-to-flow feedback
The feedback from the VT acoustics to the glottal flow is represented by the perturbation flow Uc(t) and its control parameter Quc in (6) . When the glottis is open,
where the inertance of the glottis is given by
Equations (13)- (14) have been obtained from a lowfrequency approximation of (9) within the glottis (with α = 0 and Σ(s) = 1). The approximation is accurate for the frequency range of interest since speech wavelengths are several orders of magnitude larger than the vocal fold thickness L.
The scaling coefficient HL(t)/ (HL(t) + HV ) in (13) can be derived using an argument where two acoustic waveguides of different constant characteristic impedances are coupled, and an extra acoustic resistance term is included in addition to the reflection and transmission of acoustic power at the interface. The acoustic pressure loss in the extra resistance is inversely proportional to the square of glottal opening area as in [15, Eq. (1) ].
Averaging of ψ V in (13) is carried out over 350 samples in simulations (T ≈ 3.5 ms) to remove high-frequency components where (13) becomes physically unrealistic. This averaging also serves to reduce parasitic oscillations that occur at certain parameter values and which would result in counter-factual simulation outcomes.
The contribution from the SGT acoustics to the glottal flow could be added to the model in a similar manner. However, the lowest SGT resonance is more than an octave above the frequency interval used in the glides, and hence the effect of this addition is negligible in this study.
Numerical simulations
Details of the numerical implementation of the model can be found in [16, pp. 12-14 and 24-27] ). The values of constants used in simulations are listed in Table 1 . The VT geometry required by (9) is extracted from MRI data of a female speaker producing a prolonged [i] at fo = 210 Hz (see [14, Sec. 3.1-3.2] and [17, 18] ), and an exponential horn is used to represent the SGT. Key parameters describing the VT and SGT geometries can be found in Table 2 .
Before glides, long steady simulations are carried out with all parameters held constant. The word "steady" is understood here in the sense of quasi-stability, i.e., slowly changing amplitudes and pulse shapes. In order to achieve full glottal closure during these steady simulations under all the presented feedback configurations, the total inertance in (6) is increased to I l = 4790 kg/m 4 (24% increase from the VT and SGT air column inertances). The glides are achieved by dynamic control of two parameters as in [13, 14] :
where K 0 is the initial vocal fold stiffness matrix, which is tuned to achieve fo ≈ 145 Hz in steady simulations, and p 0 s is the initial subglottal pressure ( Table 1 ). The control strategy (15) produces glides approximately over the range [145 Hz, 310 Hz]. The total duration of the glides is T = 3 s. Table 3 shows phonation parameters in steady simulations in four cases I-IV with varying feedback configurations. Case I corresponds to no feedback, case II to acoustics-to-tissue feedback only, case III to acoustics-to-flow feedback only, and case IV to enabling both the interaction mechanisms simultaneously.
Results
Stable phonation is more difficult to maintain when Quc is increased compared to an increase in Qpc, and hence lower Quc values are generally used. The difference in the output parameter values in Table 3 are small since fo is far from load resonances. It can be seen, however, that when compared with case I, fo increases slightly in case II but decreases in cases III and IV. Enabling any feedback (cases II-IV) tends to increase open quotient (OQ), i.e., the proportion of the glottal cycle when glottis is open, and closing quotient (ClQ), i.e., the proportion of the glottal cycle when the glottis is closing. Increases in both of these values indicate more breathy mode of phonation.
The feedback configuration has a notable impact on simulated glottal output in pitch glides. Figure 2 shows the trajectories of fo, OQ, and ClQ during the glides for all cases I-IV described above. These parameters have been computed pulseby-pulse from Um(t) which has single-peaked pulses that are easy to identify and parametrise automatically. Figure 2 also shows the envelopes of U (t) and HL(t). Perturbations in the output parameters occur only in the vicinity of fR1 and only when at least one kind of feedback from the load to the source is enabled. Both interaction mechanisms produce a fo locking pattern (c.f., [14] ) but fo locks to a frequency slightly above fR1 in cases III and IV, whereas the locking frequency is closed to fR1 in case II. Both feedback mechanisms produce changes in pulse shapes during the locking. The clearest difference is that cases II and IV produce a peak in OQ and ClQ values at the beginning of the locking. This peak is not present in the other cases although case III shows an overall increase in OQ and ClQ values before the perturbations begin.
When both interaction mechanisms are enabled, they appear to reinforce each other: the perturbations in fo, pulse shapes, and vocal fold oscillation amplitude start earlier in the glide, locking lasts longer, and changes in OQ and ClQ values during the locking become larger. Only the envelope of U (t) shows signs of the two mechanisms counteracting each other.
Cases III and IV produce glottal flow pulses with a formant ripple (also known as an interaction ripple in [21] ) when fo is below fR1 in the glides (Figure 3 ). This ripple disappears gradually during and after the locking. The formant ripple was not observed in cases I and II in these glides, but it has been reported to occur with some parameter value combinations under acoustic-to-tissue feedback when fo is below fR1 [22, Fig. 3.4 ].
Discussion
Simulations of rising pitch glides indicate that both acousticsto-flow and acoustics-to-tissue feedback causes perturbations at the glottal source when fo crosses fR1. When both interaction mechanisms are enabled simultaneously, they appear to reinforce one another leading to higher prominence of the locking pattern and the associated waveform changes. The similarity of the perturbation patterns under all investigated feedback configurations suggests that the redistribution of stored energy between the main subsystems (i.e., underlying flow, VT/SGT acoustics, and vocal fold dynamics) is largely independent of the energy transfer mechanisms near fo-fR1 crossings.
The introduction of the acoustics-to-flow feedback loop makes the model more prone to parasitic oscillations, i.e., quasiperiodic changes in waveform amplitudes and shapes which are not supported by evidence from human speakers. The simplifications that make the model computationally light enough to be feasibly parametrisable for, e.g., pitch glides also leave out some phenomena which are expected to damp these oscillations. For example, viscous losses in the acoustic subsystems would naturally attenuate high frequencies.
The tendency towards parasitic oscillations is controlled in the present study by (i) time averaging the acoustic velocity potential in (13) before it is used to compute the perturbation flow Uc(t), (ii) using the main component of the glottal flow Um(t) as the flow driving the acoustic resonators in (10) instead of the total flow U (t), (iii) using a resistive mouth load in (11) instead of a reactive one, since the latter has been observed to also cause instability in the model output [14] , and (iv) carefully choosing the parameter values. The last step is essential in maintaining phonation throughout the glide. Without it the system may not recover from passing bifurcation points in the glides, and its behaviour becomes chaotic instead.
Conclusions
Simulations indicate that feedback from VT acoustics to both glottal flow and vocal fold tissues have only a small effect on phonation parameters when fo is far from a VT resonance, although feedback may cause a formant ripple in the glottal flow waveform. However, the effect on vocal fold dynamics is significant when fo crosses a VT resonance, and both interaction mechanisms produce similar perturbation patterns in these cases.
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